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We study the chiral electric separation effect (CESE) in Weyl semimetals (WSM). Within the
model based on the kinetic equation we show that there is a non-zero chirality current in external
electric and magnetic fields. We distinguish longitudinal, in-plane transverse, Hall, and anomalous
Hall components of the CESE. It is shown that the first two components are quadratic in electric
field and linear in magnetic field, while the Hall component is quadratic in both the electric and
magnetic fields. All three are due to the chiral anomaly. In WSMs the chirality current can be
associated with the spin current, which can be experimentally observed.
PACS numbers:
I. INTRODUCTION
An understanding that condensed matter realization
of the relativistic, Dirac-like, physics can occur in the
narrow-gap semiconductors with strong spin-orbit cou-
pling came from pioneering works Refs. [1–3], and has re-
cently resulted in a field of Dirac and Weyl semimetals.4,5
A WSM is a three-dimensional metal whose band
structure necessary has a linear touching of valence and
conduction bands , i.e. a degeneracy. The degeneracy
is characterized by the Berry curvature.6 Berry curva-
ture is an effective magnetic field in momentum space
the fermions propagate in. Formally, one can associate a
chirality with the degeneracy - the way fermions spin de-
gree (real spin or pseudospin) of freedom is aligned with
its momentum: parallel (+ chirality) or anti-parallel (−
chirality). Distinct to WSM surface Fermi arcs5, chiral
Landau levels2, and the chiral anomaly2,7–9 can be asso-
ciated with the effect of the Berry curvature.
Using the kinetic equation with semiclassical equa-
tions of motions modified by the Berry curvature10–12,
a general magnetoconductivity tensor13,14 due to the
chiral anomaly7,8 in WSM was derived in a number of
works.2,15,16,18,19 This includes the positive longitudi-
nal magnetoconductivity (LMC)15,16,18,19 and in-plane
transverse magnetoconductivity (TMC)17–19 (also known
as planar Hall). Also, the chiral anomaly can result in
linear magnetoconductivity given the time-reversal sym-
metry is broken in the crystal.19,20
Positive LMC constitutes a unique transport signature
of the WSM, and was observed in a large number of
materials.17,21–26 The in-plane TMC component was re-
cently observed in Refs. [27,28]. Anisotropic linear mag-
netoconductivity in a presumably magnetic WSM with
tilted Dirac spectrum19 was recently observed in Ref.
[29].
In this paper we discuss a generation of the chiral-
ity currents, first proposed in the context of high-energy
physics and which can be relevant for the experiments on
the WSMs. There is a way to make currents of fermions
of opposite chiralities to either flow in opposite direction,
or have different magnitudes but flow in the same direc-
tion. In the first case it is the chiral separation effect
(CSE)30,31 which occurs in external magnetic field. In
the second case it is the chiral electric separation effect
(CESE)32–35 (and see Ref. [36] for a review) which is
generated in both the magnetic and electric fields. For
the CSE to occur, one needs a finite chemical potential,
while for CESE a chiral chemical potential is required.
It is technically challenging to observe these effects in
high-energy experimental setups.
In this paper we propose WSMs to be the platforms
for the CSE and CESE observation. In some WSMs the
chirality of the fermion can be formed with its spin, for
example by spin-orbit coupling. Because of that the chi-
rality current generated through the CSE and CESE will
be the spin current, and therefore can be measured by
the inverse spin Hall effect of Kerr effect. In this paper
we focus on the CESE because, as it is shown here, it has
a very rich physical structure. We only discuss the chiral
anomaly contribution to the CESE. In order to extract
the chiral anomaly contriubtion under controlled approx-
imation, we use a model of WSM in which the two val-
leys of opposite chirlities split in momentum. Firstly, we
show that an application of both the magnetic and elec-
tric fields is required for the CESE to be observed. There
the role of the magnetic and electric fields is to stabilize
a finite chiral chemical potential through a mechanism of
the chiral anomaly.9,16,18,19
Secondly, our calculations show that a general expres-
sion for the CESE has a number of components. Anal-
ogously to the terminology of the magnetoconductivity
tensor, one can distinguish longitudinal, and two trans-
verse, in-plane transverse and Hall, components. First
two components are proportional to second power of the
electric field and are linear in the magnetic field. The
in-plane transverse component depends on the angle θ
between electric and magnetic fields as ∝ sin(θ) cos(θ) if
measured in direction of the magnetic field. Such mea-
surement geometry is justified as the main component of
the chirality current, which is due to the CSE, is along
the magnetic field. Longitudinal component is propor-
tional to cos2(θ). Hall component is quadratic in both
the electric and magnetic fields, and depends on the an-
gle in the same way as the in-plane transverse does. We
note that, in contrast to the anomalous Hall effect in
WSMs, we have not found any anomalous CESE due to
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II. MODEL OF WEYL SEMIMETAL
We study a model of Weyl semimetal, described by the
following Hamiltonian,
Hs = sv
[
σxkx + σyky + σzk
(s)
z
]
− µ, (1)
where s = ± denoting the two chiralities, v is the ve-
locity, µ ≡ vkF > 0 is the chemical potential at zero
temperature, and k
(s)
z = kz + sQ, where Q is the mo-
mentum separation of the Dirac nodes. Pauli matrices
σi correspond here to fermion SU(2) degree of freedom
(e.g. spin, orbit, atom of the unit cell or their mix-
ture). The role of Q in the following considerations is
to only set an assumption about the impurity scattering
times, and we omit it until mentioned. Spectrum is lin-
ear, kη = ηvk − µ, where η = ± is denoting conduction
and valence bands. We wish to study the responses of the
system to the electric E and magnetic B fields. We as-
sume that all non-equilibrium responses are coming from
the vicinity of the Fermi surface. In the following we re-
strict operations with the kinetic equation to the η = +
fermions, and omit η there. For equilibrium responses,
on the other hand, η = − is also important, and we
restore the η index in all relevant steps. To study non-
equilibrium responses, we adopt a method of the kinetic
equation for the distribution function of fermion state
described by a wave-packet,
∂n
(s)
k
∂t
+ k˙(s)
∂n
(s)
k
∂k
+ r˙(s)
∂n
(s)
k
∂r
= Icoll
[
n
(s)
k
]
, (2)
supplimented with semi-classical equations of motion for
the wave-packet10,
r˙(s)η =
∂
(s)
ηk
∂k
+ k˙(s)η ×Ω(s)ηk ,
k˙(s)η = eE +
e
c
r˙(s)η ×B, (3)
where, Ω
(s)
ηk = −sη k2k3 is the Berry curvature, and note
that the spectrum ε
(s)
ηk = 
(s)
ηk − m(s)ηkB is updated by
the orbital magnetization, m
(s)
ηk = −se vk2ck2 , of the wave-
packet. Both, the Berry curvature and the orbital magne-
tization, were shown to originate in the equations of mo-
tion after integrating out the valence band fermions.11,12
See Ref. [10] for the original derivation based on the
wave-packet description. One solves the equations of mo-
tion,
r˙(s)η =
1
∆
(s)
ηk
[
v(s)η + eE×Ω(s)ηk +
e
c
(Ω
(s)
ηkv
(s))B
]
k˙(s)η =
1
∆
(s)
ηk
[
eE +
e
c
v(s)η ×B +
e2
c
(EB) Ω
(s)
ηk
]
, (4)
where ∆
(s)
ηk = 1 +
e
c (BΩ
(s)
ηk ), and v
(s)
η =
∂
(s)
ηk
∂k = ηv
k
k [1 +
2e
c (BΩ
(s)
ηk )] + s
ev
2ck2B. Collision integral is only given by
electron-impurity scattering,
Icoll
[
n
(s)
k
]
= −
∫
k′
∆
(s′)
k′ ω
(ss′)
k′,k
[
n
(s)
k − n(s
′)
k′
]
δ(
(s)
k − (s
′)
k′ ).
(5)
We follow the approximations and the formalism of treat-
ing the collision integral presented by the author in Ref.
[19]. Namely, we consider a model of short-range impuri-
ties, introduce two scattering times, intra-chirality time
τk and inter-chirality scattering time τV, and assume the
times to be isotropic, i.e. angle independent.37 These
approximations allow one to analytically extract chiral
anomaly contribution to the distribution function.19 We
note, in general, the scattering times are angle and mag-
netic field dependent, in which case the distribution func-
tion must be expanded in harmonics in order to approx-
imate the kinetic equation. The collision integral is then
Icoll[n
(±)
k ] =
n¯(±) − n(±)k
τk
+
n¯(∓) − n(±)k
τV
, (6)
where we integrated over the angles and denoted n¯(s) =∫
φkθk
∆
(s)
k n
(s)
k . The collision integral is conveniently
rewritten as Icoll[n
(s)
k ] =
1
τ∗k
[n¯(s) − n(s)k ] + Λ(s), where
an important quantity Λ(±) = 1τV [n¯
(∓) − n¯(±)] was in-
troduced, and τ∗k = (τ
−1
k + τ
−1
V )
−1 is the total scatter-
ing time. It is important to keep the k dependence of
the intra-valley scattering time for consideration of the
effects, as advertised in the Introduction to the paper,
non-linear in electric field. The k dependence of the inter-
valley scattering time can be ignored due to the splitting
of the Weyl points in momentum space. Following the
lines of Ref. [19] we multiply the kinetic equation by
∆
(s)
k , assume that there is a steady state, and integrate
over the angles, and get∫
φkθk
∆
(s)
k k˙
(s) ∂n
(s)
k
∂k
= Λ(s), (7)
where quantity on the left-hand side is
Λ
(s)
E ≡ −s
e2v2
6ck
(EB)
(
2
vk
∂f
∂k
− ∂
2f
∂2k
)
, (8)
where k = vk − µ was introduced, and it was ex-
panded in magnetic field where needed. This is the
quantity associated with the chiral anomaly, i.e. non-
conservation of the chiral charge when the electric and
magnetic fields are present. We elaborate this point.
For example, if we would have assumed τV = ∞ then
Λ(s) = 0, and there would be no steady state in the sys-
tem. Then, after integrating the kinetic equation over
k we obtain ∂N
(s)
∂t +∇J(s) =
∫
Λ
(s)
E
k2dk
2pi2 = s
e2
4pi2c (EB)
- non-conservation of the chiral charge, where N (s) =
3∫
n¯(s) k
2dk
2pi2 and J
(s) is the local current. Obtained above
equality (7), Λ
(s)
E = Λ
(s), means that in order to have
an assumed steady state, the collision integral must
compensate the term due to the chiral anomaly. This
is the mechanism of the chiral chemical potential µ5
stabilization.9,16,18,19 An estimate of the chiral chemical
potential gives µ5 = µ+ − µ− = −τV e2v3ck2F (EB).
III. CHIRAL SEPARATION EFFECT
We first reproduce known results for the equilibrium
chirality current when only the magnetic field is applied
- the so-called chiral separation effect (CSE)30,31 and for
a review see Ref. [36]. It is known that CSE does not
depend on the electron-impurities scattering and is topo-
logical in nature. The chirality current is defined as
jC = j(+) − j(−). (9)
As mentioned above, in equilibrium all states, i.e. η = ±,
contribute to the current. Current associated with the
chirality s = ± that contributes to the CSE is
j(s) =
∑
η
j(s)η =
∫
k
∆
(s)
ηk r˙
(s)
η n
(s)
ηk , (10)
i.e. with the current corresponding to the anomalous Hall
effect absent. In the wave-packet approach the magnetic
field B enters equations in various places, and in order to
get known numerical coefficient for the chirality current
correct31,36, one needs to keep track of a number of terms
in the current. In equations of motions we set E = 0, and
to the first order in B we get an expression for the current
j(s)η = η
ev
c
∫
k
k
(BΩ
(s)
ηk )n
(s)
ηk − ηv
∫
k
k
(m
(s)
ηkB)
∂n
(s)
ηk
∂ηk
.
(11)
Integrating second term by parts, and then over the an-
gles, we get j
(s)
η = −s ev4pi2cB
∫
n
(s)
ηkdk. Summing over all
states, we get for the chirality current a known result31,36
of
jC = − eµ
2pi2c
B ≡ −σBB, (12)
where sign here is due to the definition of the Berry cur-
vature. It is illuminating that we would have obtained
the same result by ignoring the orbital magnetization al-
together.
IV. CHIRAL ELECTRIC SEPARATION EFFECT
DUE TO THE CHIRAL ANOMALY
We now study a situation when the electric field E is
also applied to the system. The electric field will drive the
fermion system out of equilibrium in the vicinity of the
Fermi level. As discussed above, the intra-valley scat-
tering processes will result in the average of the distri-
bution function within the valley. Compensation of the
chiral anomaly by the inter-valley scattering processes
will result in the chiral chemical potential proportional
to (EB). As shown below, due to that there will be chiral
anomaly contributions to the chirality current (9).
We restrict the calculations of the responses to the con-
duction band η = +, omitting the η index in the follow-
ing. When approximating the kinetic equation we will be
guided with a τV  τ∗k assumption, which is the case of
a large separation Q between the Weyl points. We will
be searching for contributions that are determined by the
chiral anomaly mechanism, i.e. by Λ
(s)
E ∝ τV(EB) - in-
gredients for the chiral chemical potential in our model.
We expand the distribution function in powers of electric
field, n
(s)
k ≈ n(s)k,0 +n(s)k,1 +n(s)k,2 +.., where introduced lower
index corresponds to the power of the electric field. Using
the expansion, we pick from the kinetic equation n
(s)
k =
n¯(s)+τ∗k [Λ
(s)−k˙(s) ∂n
(s)
k
∂k ] only a n
(s)
k,2 ≈ −τ∗keE
∂n
(s)
k,1
∂k term.
It can be shown that all linear in E terms in the chirality
current vanish. We next substitute it to the expression
for the s = ± current, δj(s)E ≈ v
∫
k
k
kn
(s)
k,2 and pick the
chiral anomaly contribution to the chirality current jCE as
E
∂n
(+)
k,1
∂k − E
∂n
(−)
k,1
∂k ≈ −τV(Ekk )∂Λ
(+)
∂k , with a n
(s)
k,1 ≈ n¯(s)k,1
approximation. Finally we arrive at
δjCE = τV
ev
6pi2
E
∫
dk τ∗kk
2 ∂Λ
(+)
∂k
= −τVτFI1 e
3v2
36pi2cµ
(EB)E, (13)
where I1 =
kF
τF
[
( ∂∂k τ
∗
kk
2) 1k2 + (
∂2
∂k2 τ
∗
kk
2) 1k
]
|k=kF is a di-
mensionless quantity, where τF = τk|k=kF - intra-valley
scattering time estimated at the Fermi momentum. For
short-range impurities τk = τFk
2
F/k
2 and for τV  τF
we get I1 ≈ −4 τFτV , for Coulomb impurities τk ≡ τF =
const(k) and for τV  τF we get I1 ≈ 4.
Let us now search for the Hall type response of the
chirality current. For that we search for a correction to
the distribution function due to the Lorentz force using
the Zener-Jones method.38,39 Same expansion in electric
field as above gives a correction of interest,
n
(s)
k,2 ≈
e2(τ∗k)
2
c
(v ×B) ∂
∂k
[
E
∂n
(s)
k,1
∂k
]
, (14)
with which we calculate the chirality current in the same
way as was done above. In calculating it, an identity
(v×B) ∂∂kg(|k|) = 0, where g(x) is an arbitrary function,
is of use. We get for the chirality current,
δjCH = τVτ
2
FI2
e4v4
36pi2c2µ2
(EB)[B×E], (15)
where I2 =
k2F
τ2F
[
( ∂∂k (τ
∗
k)
2k) 1k2 + (
∂2
∂k2 (τ
∗
k)
2k) 1k
]
|k=kF is
dimensionless quantity. For short-range impurities τk =
4B
Eθ θ0 π
θ
θ θ
y
x
z
A B
cos2
cos sin
FIG. 1: (Color online) Schematics of the CESE. (A). Con-
figuration of the electric and magnetic fields: magnetic field
B is chosen along y−direction, while electric field E is in the
xy plane making an angle θ with the magnetic field. The
chirality current given by jCα = σαβBβ can flow in all three
directions, with the components called: σyy - CSE with a cor-
rection due to the longitudinal CESE, σxy - in-plane trans-
verse CESE, and σzy - Hall CESE. (B). Characteristic cos
2 θ
angle dependence of the longitudinal CESE is shown in red,
while dependence of the in-plane transverse and Hall CESE
both obeying the cos θ sin θ dependence is shown in blue.
τFk
2
F/k
2 and for τV  τF we get I2 ≈ 9, for Coulomb
impurities τk ≡ τF = const(k) and for τV  τF we get
I2 ≈ 1.
Derived contributions to the chirality current (13)
and (15) is the chiral electric separation effect (CESE).
Total chirality current with CESE parts due to
the chiral anomaly is jC = −σBB − χI1(EB)E +
(ωcτF)χI2(EB)
[B×E]
B , and for large µ the first term will
dominate over the other two. In analogy with regular
magnetoconductivity terminology, we wish to introduce
description of the components of the CESE based on the
measurement in the direction of the magnetic field rather
than electric. It is natural to break the chirality current
in to components, such that jCα = σαβBβ , where
σyy = −σB − χI1E2 cos2(θ),
σxy = −χI1E2 cos(θ) sin(θ), (16)
σzy = (ωcτF)χI2E
2 cos(θ) sin(θ),
where ωc =
eBv
ckF
is the cyclotron frequency, and χ =
τVτF
e3v2
36pi2cµ is introduced for convenience. Therefore, the
components can be called as: ∝ E2 part of the σyy - lon-
gitudinal, σxy- in-plane transverse, and σzy is the Hall
component of CESE. Interestingly, the Hall component
depends on the relative angle between electric and mag-
netic fields θ in the same way as the in-plane transverse
does, namely ∝ cos(θ) sin(θ). See Fig. (1) for schematics.
We have checked that contrary to the charge transport,
where one gets the anomalous Hall effect if the two Weyl
points are split in momentum, there is no anomalous re-
sponse for the chiral current due to the splitting.
Formally, the obtained above results, Eqs. (13) and
(15), are valid in case ωcµ < 1 - condition used in deriv-
ing the semiclassical equations of motion updated by the
Berry curvature, and ωcτF < 1, where τF is the intra-
valley relaxation time estimated at the Fermi energy -
condition used in the Zener-Jones method which we have
applied for the extraction of the chiral Hall effect. In
deriving the results, we have assumed τV  τF - a valid
approximation for the Weyl semimetal, where the two
valleys are split in momentum. Another approximation
is |µ5| = τV e2v3ck2F |(EB)| < µ, which states that the con-
duction bands for both valleys are not empty and we
can use the kinetic equation with the valence bands ig-
nored. Other than that the approximation of the kinetic
equation is in line with the linear response in electric
field. Namely, in Eq. (13), the (EB) part came from
the n+ − n− ∝ τV(EB) (chiral anomaly), which is an
unperturbative expression, and another E came from the
equation of motion, i.e. k˙, within the linear response
formalism. Same applies for the obtained Eq. (15). We
can, therefore, claim that in a two valley fermion system,
kinetic equation can be used to extract the non-linear
corrections to the chirality current.
We now comment on possible realization of the pro-
posed effect. The chirality current can be observed
through a possible connection of the chirality with the
spin of fermions. If in the Hamiltonian, given by Eq. (1),
ith Pauli matrix corresponds to a real spin of fermions,
the current carried by a given chirality in the ith direction
will be spin polarized. Such that fermions with opposite
chiralities will carry opposite spin, and the CESE will
formally correspond to the spin current generated in the
ith direction. The spin current can be measured using
the inverse spin Hall effect or by the Kerr rotation of
light on the edges of the system where the spin will be
accumulated.
V. CONCLUSIONS
To conclude, we have considered the chiral electric sep-
aration effect (CESE) in Weyl semimetals. Our main re-
sults are represented by equations (13), (15). Eq. (13)
describes longitudinal and in-plane transverse compo-
nents of CESE, while Eq. (15) is the Hall component.
All three components are due to the chiral anomaly. Nov-
elty of the results is in their unusual dependence on the
electric and magnetic fields, and the angle between them.
In WSMs the CSE and CESE can be associated with
the spin currents, and can be experimentally measured.
Therefore, according to the obtained results, one can ma-
nipulate with the spin currents using both the electric
and magnetic fields - an essence of the spintronics re-
search field.40 Furthermore, if measured together with
the positive LMC and the in-plane TMC, the effects
might serve as another indication of the chiral anomaly
mechanism behind the positive LMC and in-plane TMC
in WSMs.2,15,16,18,19 This is because the positive LMC,
in-plane TMC and CESE originate from the same physics
of the chiral chemical potential stabilization.
We note that Eqs. (13), (15) agree with consideration
of the CESE for chiral plasma given in Ref. [35]. There,
given chiral chemical potential is known, all possible con-
5tributions to CESE are listed (see Eq. (72) of Ref. [35)].
In the present paper the chiral chemical potential is found
to be generated when the electric and magnetic fields are
applied, and its expression is estimated (discussion after
Eq. (8)). If we put the estimated µ5 = −τV e2v3ck2F (EB)
in to Eq. (72) of the Ref. [35] and put v = c, we get a
reasonable match between the results.
We note that similar effect to CSE was recently pro-
posed for photons in Refs. [41–43]. There the role of the
magnetic field is the rotation of the material - vorticity.
We hope that effects similar to the ones proposed in the
present paper will also be found for photons.
VAZ is thankful to A.A. Zyuzin for pointing out the
importance of k− dependence of the intra-valley scat-
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[44]. The author thanks Landau Institute for Theoret-
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